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Which dynamic pricing rule is most preferred by consumers?-Application of choice experiment Yumi Yoshida 1 , Kenta Tanaka 2* and Shunsuke Managi 3,4 1 Background In many regions, electricity demand varies significantly based on time of day. The difference in electricity demand between peak and off-peak time periods has increased annually in Japan. 1 A decreased load factor implies a high adjustment of electricity supply. Thus, electricity suppliers must increase the electricity price, which might lead to a decrease in consumer welfare. To reduce the demand gap between peak and off-peak time periods, demand-side control of energy use is an important tool to consider. In fact, the Japanese government is considering the introduction of dynamic pricing rules to decrease the electricity demand gap between peak and off-peak time periods. 2 Dynamic pricing can reduce electricity demand by increasing the electricity rate when the electricity demand is strong. Electricity rates decrease when electricity demand weakens. The concept of dynamic pricing is based on economic incentives. Many previous studies (for example , Joskow 1975; Chao and Pecks 1996) analyze how to make the effective dynamic pricing rule maximize total welfare. Based on a theoretical analysis, several researchers have implemented field experiments to evaluate the performance of dynamic pricing rules. The empirical results of such field experiments show that dynamic pricing can contribute to decreasing peak-time electricity demand (Matsukawa et al. 2000; Faruqui and George 2005; Herter 2007 ). In addition, Allcott (2011) indicates that dynamic pricing can contribute to increasing the consumer surplus.
However, there remains an important policy question regarding dynamic pricing: Even if dynamic pricing rules have been theoretically effective, it is unclear whether consumers actually accept dynamic pricing rules. Joskow and Wolfram (2012) note that there are several factors that prevent consumers from accepting dynamic pricing rules. One reason they note is the cost of metering. Metering would be too costly for small commercial consumers. Furthermore, consumers might not easily understand the effectiveness of potentially complex designs of dynamic pricing.
We investigate whether consumers accept dynamic pricing using a choice experiment. We estimate willingness to pay (WTP) from the results of a choice experiment. Then, we analyze the most preferable dynamic pricing rules for consumers. There are several previous studies related to our study. Borenstein (2006) estimated the number of consumers who take risk aversion action. Risk aversion implies the avoidance of an electric pricing rule with high volatility, such as real-time pricing (RTP). Borenstein (2006) found that 77% of consumers investigated were risk averse. In addition, Borenstein (2013) found that consumers tend to remain in the flat-rate fee scheme. He also used field experiment data to analyze what characteristics of consumers lead them to switch to other electricity rates. As a result, he noted that low-income consumers tend to switch from a flat-rate scheme to a dynamic pricing scheme. A dynamic pricing scheme has the possibility to improve several energy problems, such as energy conservation and mitigation of CO 2 emissions. But, an effective dynamic pricing scheme requires the joining of several types of consumers (Kurakawa et al. 2016) . Therefore, understanding consumer preferences for each dynamic pricing rule is important in actually implementing a dynamic pricing scheme. Furthermore, some researchers have noted that consumers may prefer an energy management system that automatically adjusts electricity usage to a dynamic pricing scheme. Therefore, we add the analysis of the preference for direct load control (DLC), which does not require the risky price change of electricity to consumers; instead, it automatically adjusts the rate based on use.
Data and setting of choice experiment

Data collection
We conducted a web-based questionnaire survey from March 14, 2014 , to March 18, 2014 , using randomly selected consumers living in Japan. The purpose of this survey was to clarify what types of dynamic electricity pricing are preferred by consumers using a choice experiment. The subjects of our survey included males and females aged 20-69 years. The number of subjects was 4122. The survey area included all prefectures in Japan. Our questionnaire included choice experiments of an electricity pricing scheme and collected other information on each respondent. Details about the choice experiment are explained in the next section. Other variables from the questionnaire results of each respondent are described in Table 1 . Our questionnaire includes general questions (such as age, gender and academic record) and questions about the use of electricity for the family.
Choice experiment modeling
In the survey, we used a choice experiment. We presented respondents information about the demand response (for details on the information given to correspondents is shown in Additional file 1: Appendix). Respondents were asked to cast eight decisions during the experiment. Although the contents of options changed each time, option 6 (general pricing rule) remained the same. (Option 6 was the general pricing rule. In short, consumers did not change the pricing rule). The general pricing rule is the most common option in Japan. The order of the choice set was random, and the contents of the choice set were different for each respondent. Each time, the value of the "monthly fee" (the variable name was "month") and the "initial cost" (the variable name is "first") was randomly changed. The initial cost for the introduction of the demand response is one important factor that determines whether consumers join new pricing schemes. To control the initial cost effect for decision making, we added the initial cost as the basic attribute to the questionnaire. Respondents chose one option they found optimal. The general pricing rule (option 6) did not change the monthly electricity rate. Before asking the question in the choice experiment, we explained each dynamic pricing rule to respondents (see Additional file 1: Appendix).
Specifically, we asked respondents the following questions: "Among the following six electricity pricing alternatives, please select one you think is most preferable. The electricity rate you pay will be always supposed to satisfy your budget constraints. Please note that you will be able to freely spend the extra money you obtain from choosing the pricing. "
Estimation method
Conditional logit model
We assume a random utility model for the analysis. When subject n chooses profile i, the subject's utility is given by U n,i = V n,i + ɛ n,i where V n,i is the observable component of U n,i and ɛ n,i is the unobservable component of U n,i . We denote the set of profiles that subject n can select on the basis of C = {1, 2, …, j}. The probability that subject n chooses profile i ∈ C is P n,i . When subject n chooses profile i, U n,i > U n,j i � = j must be satisfied. Then, we obtain
Following McFadden (1973) , we assume that ε n,i and ε n,j are independent with a univariate type I extreme value distribution. Then, the probability that subject n chooses profile i is where μ is a scale parameter. In this paper, μ is normalized to 1. This model is known as a conditional logit model. Hence, we obtain the log-likelihood function:
where N is the number of subjects, and δ n i is the dummy variable, such that δ n i = 1 if subject n chooses profile i and 0 otherwise. By maximizing the log-likelihood function, we estimate the parameters. 3
Marginal willingness to pay (MWTP)
V n,i is the observable component of the utility of individual n when choosing the ith option. The utility component is assumed to have the following linear form:
where d i is the alternative-specific constant and p i is the price of option i. a i and β are parameters. Assuming that V n,i is equal to the observable component of the utility associated with the status quo option, we obtain the following equation for marginal willingness to pay (MWTP) for option i, which is given by the difference in the price between option i and the status quo:
MWTP is the willingness to pay for the monthly electricity rates.
Results
Choice from electricity pricing options and its WTP
The estimation results of the conditional logit model are presented in Table 1 . Furthermore, Table 2 shows the estimation results of MWTP based on the results of a
(1)
In this study, we apply the conditional logit estimation method to estimate the parameters. However, conditional logit estimation relies on the assumption of independence from irrelevant alternatives (IIA). Thus, we cannot consider the utilities of each alternative to be correlated in this estimation.
(4) V n,i = a i d i + βp i .
(5) MWTP = − a i β conditional logit estimation. We include alternative-specific constants. We can estimate the MWTP for the electricity rate per month based on Eq. (5). Each MWTP is calculated by the ratio of the coefficient of each alternative-specific constant (coefficient of "TOU, " "CPP, " "RTP, " "DLC" and "DLCCPP" in Table 2 ) to that of the electricity fee per month (coefficient of "month" in Table 2 ). Based on the calculation results of WTP, time of use (TOU) is the most preferable pricing rule for respondents. The second most preferable pricing rule for respondents is DLC. 4 Previous studies note that consumers do not tend to accept the dynamic pricing rule, but our results show that TOU is the most preferable rule for the electricity rate. These results imply that consumers want to adapt the dynamic pricing rule in Japan. In fact, the WTP of RTP is also high, but consumers also want to avoid the risk of large electricity price changes. Thus, the WTP of critical peak pricing (CPP) is lower than that of other pricing schemes. In addition, the WTP of RTP is similar to that of DLC. These results imply that consumers may also accept the DLC for the electricity pricing rule.
Characteristics of motivating acceptance of dynamic pricing
Next, we discuss how much respondents' characteristics affect their selection of each electricity pricing rule. The conditional logit model cannot include the effect characteristics of each respondent on the choice of probability of each pricing rule. In this study, we apply the multinomial logit model to confirm the effect of respondents' characteristics for choice probability of each pricing rule. Under the multinomial logit model, the observable component of the utility is assumed to be written as where X n denotes respondents n's characteristics. In the conditional logit model, i=1 P ni = 1 an equivalent model is obtained by defining V n,i to be deviations of regressors from values of alternative 1, and setting V n,i = 0. When instead the regressors do not vary over alternatives, the multinomial logit model is used (Cameron and Trivedi 2009) . A positive (negative) regression parameter does not mean that an increase in the regressor leads to increase (decrease) in the probability of that alternative. Instead, interpretation for the multinomial logit model is relative to the reference. 5 4 In addition, we calculate the MWTP for initial cost in each pricing scheme. The MWTP for initial cost is calculated by the ratio of the coefficient of each price scheme to that of "First. " Preference ranking of each pricing scheme for initial cost and monthly fee is exactly same. This tells we can understand which dynamic pricing rules better for consumers as both calculation results of MWTP show the same ranking. However, consumers might not clarify well the difference between initial cost and monthly fee.
(6) V n,i = b i X n 5 In this estimation, we define the choice of status quo as the reference. The results of the multinomial logit model are shown in Tables 3 (economic incentive rules) and 4 (DLC and general rules). Each variable that we use in our estimation is shown in Table 5 . We show the descriptive statistics in Table 6 . The baseline choice is an option of the general rule. "Knowledge" shows a positive correlation with the choice probability of TOU and CPP. These results indicate that people with more knowledge about electricity conservation tend to choose TOU and CPP but not the real-time pricing scheme. TOU and CPP are easily understandable in terms of the effective timing for electricity conservation. RTP is difficult to understand in terms of such timing. Thus, people who have more knowledge about electricity conservation prefer TOU and CPP. "All" and "time" show a negative coefficient with the choice probability of all economic incentive schemes. All-electric homes need to manage all energy usage with electricity. In short, people who live in such homes need to use more electricity than others do. Thus, such people dislike the electricity price change. Furthermore, people who spend a considerable amount of time in their home use more electricity than others do. Therefore, they do not tend to choose the dynamic pricing schemes.
"Education" shows a positive coefficient with the choice probability of all dynamic pricing schemes. A high educational background leads to a strong understanding of the merit of dynamic pricing schemes. This result shows the characteristic may increase the choice probability of dynamic pricing schemes. "Risk" shows a positive coefficient with the choice probability of CPP and RTP, but a high-risk preference leads to a decrease in the choice probability of DLC and TOU. These results show that consumers consider the However, we need to calculate the marginal effect based on the result of the multinomial logit estimation to understand how much each characteristic affects the choice probability of each pricing scheme. Tables 7 and 8 show the estimation results of the marginal effect based on the results of the multinomial logit estimation. From these results, we can understand which characteristics affect pricing scheme choice behavior. For example, these results show that risk preference is one of the important factors that influence the choice probability. The "risk" value of most risky people in our sample is 3. Thus, high-risk people's choice probability of RTP increases by approximately 3%. Furthermore, we can understand "All" as an important factor for decision making. For example, the choice probability of TOU decreases by 4% if the person lives in an allelectric home.
Discussion and conclusion
In this paper, we estimate the WTP for each dynamic pricing rule of electricity based on choice experiment. In addition, we analyze what factors influence the choice of each dynamic pricing scheme. As a result, we produce several important findings regarding consumers' choice of a dynamic pricing rule. First, TOU is the most preferable pricing rule for consumers. Our estimation results show that TOU has the highest value of WTP of all pricing rules. Second, the characteristics of each consumer affect the choice of a pricing rule. Borenstein (2006) notes that the risk of a pricing change is one of the important factors in choosing a pricing rule. In fact, we find that consumers who have a preference for risk aversion tend not to choose the RTP. In addition, our results show several characteristics influence the choice of a pricing rule. Our estimation results show that household characteristics are important factors in the choice of a dynamic pricing rule (economic incentive schemes and DLC). Regarding personal characteristic, a strong academic record increases the choice probability of economic incentive rules. Borenstein (2013) notes that lower-income consumers tend to prefer dynamic pricing rule, but our results do not show a robust relationship between income and the choice probability of dynamic pricing schemes. Month −0.0000*** −6.56 0.0000*** 6.55 −0.0000*** −5.46
First 0.0000*** 5.84 −0.0000 −1.50 −0.0000* −1.88 Therefore, the relationship between the choice of each pricing rule and income level could be more complex. Energy conservation is an important policy problem worldwide. In the near future, demand-side control will become a more important policy for countries and regions because dynamic pricing schemes are one of the best tools to control the demand of electricity. However, many consumers need to support the dynamic pricing rule to achieve effective control of energy demand. Therefore, we need to consider not only the direct effect of each pricing rule but also whether consumers want to support such a pricing rule.
